Intraspecific variation in nuclear DNA amount was found among 12 field populations of Collinsia verna (Scrophulariaceae). Nearly a four fold difference in DNA amount was found among populations collected from a 300 mile area of the mid-west United States. Genetic isolation and microhabitat differences are suggested causes of this high degree of genetic differentiation, and possible incipient speciation.
INTRODUCTION
Species in the genus Collinsia are widely distributed across the United States, but are mainly concentrated in the west coast states. Twenty-two species occur in the United States, and 19 of these are found on the west coast, one in the northern U.S. and southern Canada (C. parviflora), one in the middle and south-eastern U.S. (C. violacea), and one species in the northern mid-west states (C. verna). Collinsia occupies varying habitats from California mountain meadows to rocky outcroppings in New York (Rickett, 1966) .
Collinsia verna (blue-eyed Mary) is an understory herb found on floodplains in the northern midwest (Garber, 1975) . The population size of C. verna is generally very small and discontinuous with various populations often separated by several miles. Since such isolation seemingly precludes gene flow among various populations, the possibility of genetic differentiation leading to incipient speciation exists. Recently, C. verna populations were found to differ in several parameters including chiasmata frequencies, morphological characters and isozymic frequencies (Greenlee and Rai, 1983) . The data from the above study showed considerable genetic divergence among populations. It was decided to extend these studies along another molecular parameter and to investigate the nuclear DNA amounts among the various populations. Measurable changes in the DNA can result from various sources, in particular, from changes in chromosomal number, deletions or duplications (Price, 1976) , and aberrant replication of certain chromosomal segments (Keyl, 1965) .
DNA values as determined by Feulgen cytophotometry constitute an important parameter which has been used as an investigative technique to determine quantitative genomic changes across and within species. Until relatively recently, the premise used to be that DNA amounts varied among species, but were relatively constant within a species. However, studies have now revealed intraspecific variation as well (Price, 1976 the extent of intraspecific variation. Two species of Collinsia which originated in California were also included in this study to determine interspecific variation.
MATERIALS AND METHODS
Twelve populations of Collinsia verna were sampled in 3 midwestern states Indiana, Illinois and northern Kentucky ( fig. 1 ). All populations were located on waterways and the major rivers involved are indicated on the map. Plants were collected when 2 to 5 centimeters high and returned to the greenhouse at the University of Notre Dame. They were individually potted and reared under controlled conditions which simulated the natural environment as far as temperature and day length are concerned. The two California species examined were C. tinctoria and C. heterophylla. The C. tinctoria populations have been grown in this laboratory for several years and these included a control (chromosomally normal) and a previously examined desynaptic mutant (Mehra and Rai, 1972) . The seeds for the C. heterophylla population were kindly supplied by Dr R. W. Allard of the University of California at Davis and had been freshly field collected in 1981.
Feulgen cytophotometry was used to estimate relative amounts of DNA per cell nucleus in pollen mother cells from immature flower buds from populations of C. verna, C. heterophylla and C. tinctoria. The stained nuclei were measured at metaphase I and anaphase I cells were also measured as a check on the accuracy of half DNA values compared with whole cell measurements. A Zeiss MPM-01 cytophotometer was used to make measurements by the two wavelength method (Berlyn and Miksche, 1976) . One hundred readings from two to four plants per population were taken. Calculation of relative Feulgen units was by the method of Ornstein (1952) via a computer adaptation (Floyd, personal communication) which was adapted and changed to Basic computer language for use with a freestanding 4051 Tektronix terminal. Slides of Allium cepa root tips were concurrently stained and used as a standard (Bennett, 1976) to convert the relative Feulgen units to picograms of DNA.
The Feulgen staining procedure was an adaptation of the method described by Berlyn and Miksche (1976) . Slides were prepared from buds collected and fixed in 6:3:2 ethanol: chloroform: propionic acid. Buds were rinsed in water, anthers dissected in 45 per cent acetic acid, squashed, coverslips removed by liquid Nitrogen, slides dipped in absolute alcohol and air dried. Slides of root tips of Allium were prepared the same way. All slides were stored in a dessicator until stained.
DNA values were analyzed by One Way ANOVA with Feulgen units as the response variable and populations as the treatment. Duncan's Multiple Range Test was used to group populations into homogeneous subsets.
RESULTS
The results of the One Way ANOVA and Duncan's Test are shown in table 1. The ANOVA was significant at the p <00001 level. Also tabulated are the calculations using Allium cepa as a standard which allowed comparison across two staining batches, those previously done with C. tinctoria and C. heterophylla and the group of C. verna populations. The calculations of DNA values in picograms are also shown. DNA amounts are shown graphically in fig. 2 . The highest value was 2856 pg DNA in the Saint Patrick's population and the lowest was 7 35 pg DNA in the Henderson, Ky. population. Groups from Duncan's Test were overlapping. Saint Patrick's was in the highest group. Ballowe Church and Heron Rookery were the next highest and then a large drop in DNA value occurred across the rest of the populations. No obvious geographic trend in DNA values was seen. The C. heterophylla and two C. tinctoria populations were near the lower end of the range of the C. verna values, and were not significantly different from each other. 
Discussior
Previously reported estimated nuclear DNA values have been compiled for approximately 1000 species of angiosperms (Bennett and Smith, 1976;  Bennett, Smith and Heslop-Harrison, 1982) . A 600 fold difference has been found across all angiosperm species reported, with absolute haploid values ranging from 0'2 pg to 1274 pg DNA. A large amount of variation is known to exist within families of Angiosperms such as Ranunculaceae (Rothfels et a!., 1966) ; Droseraceae (Rothfels and Heimburger, 1968) ; among genera and species in Graminae (Bennett, 1972; Rees and Jones, 1967; Sparrow and Nauman, 1974) ; Leguminosae (Rees and Hazarika, 1967; Chooi, 1971; Bennett, 1972) ; Compositae (Wallace, Sparkes and Maden, 1972; Price and Bachman, 1975) . However, in the family Scrophulariaceae Bennett et al., (1982) The amount of DNA in the genome has been correlated with several variables, such as length of the mitotic cycle ( Van't Hof and Sparrow, 1963) , length of the male meiotic cycle (Bennett, 1971; Bennett and Smith, 1972) , and the minimum length of generation time (Bennett, 1972; Smith and Bennett, 1975) , the effects of radiation exposure (Sparrow and Miksche, 1961) , and rates of radiation induced mutation (Sparrow etal., 1968) . Crop plants with higher DNA amounts are found mostly in temperate latitudes with this distribution pattern being observed in C3 and C4 plants, and annuals and perennials (Bennett, 1976) . These specific effects may not directly apply to the Collinsia verna populations, but they demonstrate that a wide range of environmental effects have been linked to changes in DNA amounts.
DNA increases and decreases have a major role in evolution. These changes and individual nucleotide changes are seen in two of the most important modifications contributing to evolutionary change (Hinegardner, 1976) . Low amounts of DNA are correlated with specialisation in animals (Bachman et aL, 1972; Stebbins, 1966; Hinegardner, 1968) and in plants (Stebbins, 1966) .
Increases in the amount of DNA have been shown by a wide range of studies. Single genes have been shown to be present in duplicate copies such as the hemoglobin genes (Zuckerkandl, 1965) . Also, in eukaryotic genomes examined, highly repetitive sequences are found (Davidson and Britten, 1973) . Some of these repetitive sequences are duplicated 1000 to 5000 times and some very simple repeat sequences occur as 1,000,000 or more times in the genome (Galau et a!., 1976) . Although the function of these highly repetitive sequences are unclear, it is known that many of them are not transcribed into mRNA (Constatini et a!., 1980) . When DNA amounts were first reported, many investigators held the opinion that DNA val ies differed between species but that within a species DNA values were relatively constant. However, more recent studies have shown considerable intraspecific variation (Price, 1976) . In certain instances, such variation, such as that found within a flax strain (Evans, 1968 ) is due to environmental differences, and could be influenced by low temperatures (Durrant and Jones, 1971) . Intraspecific DNA variations correlated with latitude changes have been shown in Picea (Miksëhe, 1968 (Miksëhe, , 1971 and in cereal crops (Bennett, 1976) . DNA increases in populations of Pseudotsuga menziesii were found along a geographical dine from coastal to interior regions (El-Lakany and Sziklai, 1970) . In both the latter cases variation in climate was a proposed factor in the change.
Accumulation of small deletions or duplications has also been proposed as a mechanism for changes in DNA amounts (Price, 1976) . The presence of megachromosomes (enlargement of one or more chromosomes) has been proposed as a mechanism of DNA increase (Gerstel and Burns, 1967) . While it has been proposed that differential increases in heterochromatin are correlated with these DNA increases, Dhillon eta!., (1981) have shown DNA changes among the strains of Ocimum basilicum without associated proportional increases in ratios of heterochromatin to euchromatin.
In Co!linsia the pattern of spread of the species is probably from the west coast of the United States, which has twenty species, eastward, where only three species are found in the remaining states. This suggests that the ancestral species to Collinsia verna may have evolved from a west coast species. Collinsia heterophylla and C. tinctoria, the two California species, show approximately 10 5 to 114 pg DNA per 4C nucleus. Evolutionarily, increasing DNA amounts are proposed to be more advantageous than decreasing DNA amounts (Hinegardner, 1976) and most of the C. verna populations are at or above the DNA amounts of the California species. If the C. verna species is more recently evolved than the California species and since it has to adapt to climatic changes in the midwest, the increases in DNA amounts could be an adaptive mechanism in response to environmental changes (Miksche, 1968 (Miksche, , 1971 Evans, 1968; Durrant and Jones, 1971; El-Lakany and Sziklai, 1970) . It is also possible that if several populations of C. heterophylla and C. tinctoria were measured, variability among those populations might also be detected.
Geographically, the two northern populations showed the highest (Saint Patrick's) and the third highest (Heron Rookery) DNA values. The second highest was Ballowe Church which is located in southern Illinois. The other values also show no obvious geographic trend. For example, SP and AS, although geographically quite close, show a 2 5 fold difference in their DNA values. Unlike those previously cited studies, no definite trend or dine in DNA values seemed to be present. In conjunction with this, micro-environmental differences, such as those which have been shown to cause intraspecific isozymic changes (Brown, 1979) could also be a factor in change in DNA content. DNA values in previously cited studies have been shown to be affected by a wide range of environmental factors and it is proposed that the microhabitat differences which are purported causes of other types of genetic variation could also be contributing to the DNA value changes seen in Collinsia verna populations. Alternatively, the observed changes may also represent random changes resulting from the proposed "molecular drive", which is defined by Dover as an "unusual fixation" in the genome. Possibly, this type of fixation could contribute to "accidental speciation"
by maximising cohesiveness of genetic parameters within a population, while maximising discontinuities between populations (Dover, 1982) . While the pattern or determining factors are not entirely clear, the nearly 4 fold differences in DNA values combined with the parametric differences previously found in chiasmata frequencies, morphological measurements and electromorph frequencies (Greenlee and Rai, 1983) , clearly show that genetic differentiation has occurred among these Collinsia verna populations.
